I. INTRODUCTION
In the last few decades, radio frequency (rf) discharge has found importance in the fundamental as well as in the experimental research. [1] [2] [3] [4] There have been many studies using different configurations, among these most frequently used are capacitively coupled plasma (CCP) and inductively coupled plasma (ICP). Due to the energetic ions, chemically active species, radicals and also energetic neutral species, CCP is extensively used as a low temperature plasma processing medium for material processing in many fields. [5] [6] [7] The CCP discharges are widely studied for various applications in different pressure regimes, ranging from few mTorrs to atmospheric pressure. 8, 9 Most of the CCPs used in processing applications carried out by a single frequency source at 13.56 MHz. However, recently in some of the CCP research of practical interest in the etching industry, a low frequency source of 1 or 2.26 MHz is also used. 10 Due to the presence of the non linearity, the characteristics of the CCP sheath are much more complex than the DC sheath. [11] [12] [13] An analytical model is therefore, indispensable to understand the dynamics of the rf sheath. Here, we have used an analytical model, where the description of the plasma bulk based on a fluid dynamics approach is coupled to a separate sheath model that takes its nonlinear charge voltage characteristics into account. Mussenbrock et al. first applied such a model to explain the self excitation of the plasma series resonance by the nonlinearities of the boundary sheath. 14 In our previous publication, we have modified the model by considering the sheath at the grounded electrode taking account the finite geometrical asymmetry of the chamber. 15 Well developed Particle in cell/Monte Carlo codes (PIC/MCCs) are now available to study CCPs under a wide range of operating parameters. 19, 20 But we have preferred the voltage driven analytical approach over the PIC/MCCs to study such type of discharges. Faster convergence rate of the analytical models compared to the PIC/MCCs is one of the reasons that motivate us to use such an approach. In addition to the faster convergence, an analytical model allows to determine the dominant physics, whereas a PIC/MCC simulation initially does not allow doing this without further analysis. Although several numerical and simulation studies have been done in the recent years, which are based on the Mussenbrocks seminal work, [15] [16] [17] [18] few experimental reports are available that validate the predictions of the model on the DC self bias and the rms values of the rf current which are decisive parameters for the ion energy and ion flux onto the substrate. 21, 22 Clearly, more experimental research is required at various gas pressures, driving voltage amplitudes as well as driving frequencies.
In this paper, we want to critically re-examine the predictions of the nonlinear global model in the light of experimentally measured plasma parameters such as the electron density, temperature as well as the driving voltage amplitudes. To measure the plasma parameters in the 13.56 MHz CCP a rf compensated Langmuir probe is used. The rms values of discharge current and voltage at different experimental conditions are measured by using VI probes. The measured experimental parameters are then incorporated in the analytical model and the variation of the DC self bias and rf current as a function of the rf powers and pressures is studied. Moreover as the operational conditions include a wide range of pressures and rf powers, we hope that this study might be beneficial for a better understanding of the dynamics of the CCP discharge. The present investigation is organized as follows; the experimental set-up is introduced in Section II, predictions of the analytical treatment are outlined in Section III, results and discussions are mentioned in Section IV and the findings are summarized in Section V.
II. EXPERIMENTAL SET UP
The experiments were carried out in a geometrically asymmetric CCP driven by 13.56 MHz rf source, operating in argon gas. The experimental set up of the system is shown in Fig. 1 . The electrode assembly of the rf discharge consists of two water cooled circular disc shaped parallel stainless steel electrodes separated by 7.5 cm. The diameter of the lower powered electrode is 8 cm and diameter of the upper grounded electrode is 10 cm. The base pressure in the stainless steel vacuum chamber was maintained at 10 -5 mbar with a combination of rotary and turbo molecular pumps. A mass flow controller is used to maintain the flow rates of argon into the chamber. The experiments were carried out at an argon pressure of 73-400 mTorr. The discharge current and voltage are measured by a Tektronix TCP0150 current probe and Tektronix HVP-15HF voltage probe. The current and voltage signals are recorded by a Tektronix DPO-4104 oscilloscope for further analysis. The voltage probe has very high impedance (100 MΩ/1 pF) and, therefore it is considered that the voltage probe hardly affects the voltage or current waveforms. The capacitance between the powered electrode and the grounded electrode is 0.55 pF (parasitic capacitance). The 13.56 MHz generator (ENI ACG-6B) can deliver up to a maximum of 600 W. Automatic L type matching network (ENI MWH-5-01) is connected in between the rf power supply and the electrodes to deliver maximum power to the plasma. The generator is equipped with a meter for simultaneously monitoring the forwarded and reflected power. To measure the electron density (n e ) and the electron temperature (T e ), a rf compensated Langmuir probe is used. The probe is placed in between the two electrodes through a movable feed through and can be positioned along a straight line centred between the electrodes. The probe tip is made of tungsten wire of 400 µm in diameter and 7 mm in length (exposed part in the plasma). To suppress the interference in the measured I-V curve brought about by the RF fluctuations of the plasma potential, passive rf filters are connected to the probe. Further compensation is achieved by the use of an external floating electrode (20 turns of 0.125 mm diameter tungsten wire wound around the probe insulator) which is connected to a point between the probe tip and the rf filters through a capacitor. The probe is biased with an amplified triangular wave of 120 V peak-to-peaks. A dc offset is added such that the probe voltage can be changed from -60 V to 120 V at a frequency of 10 Hz. The Langmuir probe measurements are carried out at a distance of 30 mm above the power electrode. The details of the rf compensation scheme is mentioned in our previous publications. 23 The amplitudes of the voltage waveform are determined at the powered electrode's surface via Fourier analysis and a calibration routine. This calibration procedure is performed by venting the chamber and attaching the high voltage probe to the powered electrode's surface. Comparisons of the voltage waveform amplitudes at the measurement point on the coaxial cable and at the electrode surface yield calibration factors for rf voltage amplitude. These calibration factors are strongly system dependent and are different for different applied frequencies. This calibration procedure is based on the assumption that the impedance of the plasma is similar to the impedance when the chamber is vented. 24 The high voltage probe and the oscilloscope are used to monitor the voltage waveform during plasma operation.
III. THE ANALYTICAL MODEL
In typical CCP discharges the length of the quasi-neutral bulk (l p ) is significantly larger than the time averaged sheath width (s) so that the following ordering of length scales applies:
Here λ D = ((ε 0 k B T e )/(en e )) 1/2 is the debye length. Also, for CCP discharges operated in heavy gases at reasonable low plasma densities the following ordering of frequency scales applies:
Here ω pi is the ion plasma frequency, ω rf is the applied radio frequency, ω PSR is the plasma series resonance frequency and ω pe is the electron plasma frequency. Under the conditions defined by Eqs. (1) and (2) a CCP discharge can be identified with an equivalent circuit in the frame of a global model. An electrical equivalent circuit of the nonlinear global model of the CCP discharge is shown in Fig. 2 . [11] [12] [13] The external circuit consists of an ideal voltage source generator in series with a blocking capacitor, across which the DC self-bias is generated. The discharge itself consists of two non-linear capacitors representing the sheaths adjacent to both electrodes in series with an inductance (representing electron inertia) and a resistance (electron neutral collisions) representing the plasma bulk. and I i1 represents the electron and ion current to the powered electrode sheath, and I e2 and I i2 represents the electron and ion current to the grounded electrode sheath.
The voltage balance equation of the CCP discharge in the frame of this model is,
where V rf is the applied rf voltages, V sp is the voltage drop across the powered electrode, V sg is the voltage drop across the grounded electrode, V B is the bias capacitor voltage and V b is the voltage drop across the plasma bulk. The plasma bulk is assumed to be quasineutral and for simplicity it is considered as homogeneous, n e = n i = n = constant. Since ω rf << ω pe , the current in the plasma bulk is carried by electron conduction alone and the dependence of the current density on the electric field can, thus, be modeled by generalized Ohms law. It takes into account the acceleration of the electrons by the electric field and their momentum loss due to elastic collision with the neutrals of the background gas. The effective collision rate is given by, 14
where ν m is the momentum transfer collision frequency and ν e = 8eT e πm e is mean thermal speed, where T e is electron temperature in equivalent volt unit, m e is the electron mass and l p is the bulk plasma length. The factor is ν e l p taken into account because of the fact that Stochastic heating plays a significant role in CCRF plasma along with Ohmic heating.
Various experimental and simulation studies in CCP discharge have shown that, the charge voltage characteristic for the sheath is quadratic to a good approximation and is given by,
with Q s,m and A s,m are the charge and area of the sheath (denoted by suffix s) and the suffix m = p represents the sheath at the powered electrode while m = g represents the sheath at the grounded electrode, respectively. n s,m is the mean ion density in the sheath. [14] [15] [16] [17] [18] It is worthwhile to mention here that there are several reports available in literature where the deviation from the quadratic relation between the sheath charges and the voltages are considered. 21, 22 In that case, the sheath charge and voltage relation were evaluated by solving the fluid equations. However, in our previous publication using this approach it was realized that the results do not have any significant difference, and so the Eq. (5) is used in present study. ) respectively, with j e = env e . The electron current is approximated by a reverse-biased diode as shown in Fig. 2 . Similarly the ion current to the powered electrode and grounded electrode sheath are taken as A s,p j i and A s,g j i where j i = env B with ν B = k B T e M is the Bohm speed and M is the ion mass. In the radio-frequency range, the steady Bohm flux of ions in circuit terms has the appearance of a constant current source as shown in Fig. 2 .
With all the approximations mentioned above, the circuit in Fig. 2 is now described by a set of four first order nonlinear differential equations for the sheath charge at the powered electrode (Q s,p ), the grounded electrode (Q s,g ), the bias capacitor voltage (V B ), and the radio frequency current (I(t)) as follows; 14 )) 
As the Eqs. (6)- (9) are a set of ordinary differential equations; they are solved with MATLAB's ordinary differential equation solver. In the next section we are going to discuss the input parameters, namely the electron density, the electron temperature, the discharge symmetry parameter ε, and the applied rf voltage waveforms that are required to solve the above mentioned set of differential equations. The authors believe that the incorporation of these experimentally accessible parameters in to an non linear global model and attempt to predict the discharge dynamics considering both sheaths is a novel attempt in such discharges.
IV. RESULTS AND DISCUSSION

A. Input parameters of the model
In this section we determine the model input parameters that are capable of representing the real CCP experiment. The powered electrode has a radius of 4 cm and an area of A s,p = 50.24cm 2 . It is opposed by another electrode of radius 5 cm which acts as the closest grounded electrode. The electrode gap is 7.50 cm which is assumed to be equal to the bulk length of the plasma. In order to compare the measured value of the DC self bias with the output of the analytical model, one must incorporate the discharge symmetry parameter (ε) in the model. 25 The discharge symmetry parameter is related to the DC self bias voltage by the following equation; 25 In the present experimental conditions the measured values of ε are found to vary from 0.07 to 0.09. We have taken an average value of ε = 0.08 for the calculation of the outputs of the model. The value of the blocking capacitor is 3.34 × 10 9 F. In order to determine the remaining input parameters in the 13.56 MHz CCP, two sets of experiments have been carried out. In one set the rf power was varied from 10W to 50W at an operating pressure of 73mTorr and, in an another set the operating pressure was varied from 100mTorr to 400mTorr, keeping the rf power constant at 50W. In the present experiment the electron temperature is derived from the linear part of the logarithmic electron current. 23 The effect of the rf power and the working pressure variations on the electron density is shown in the Fig. 3 . It shows that the electron density increases from 0.7 × 10 16 m 3 to 1.9 × 10 16 m 3 as rf power increases from 10W to 50W, while it increases from 1.39 × 10 16 m 3 to 1.93 × 10 16 m 3 with the increase of working pressure from 100 to 400 mtorr.
The physical reason behind this increase in the density with the rf power is that in the α-mode, the rf source causes the sheath to expand more rapidly at high input power and it increases the electron density. 26 Next, we need to reconstruct the applied rf voltage waveform to the powered electrode. The voltage waveforms applied to the powered electrode is simulated in such a way that the peak to peak value of the applied voltage waveform (measured) and input voltage waveform (simulated) are same. It is given by,
where V 0 is the amplitude of the applied voltage. Although in the present experimental set-up, it is not possible to determine the values of the mean ion density in the powered as well as the grounded electrode sheath, the ratio of mean ion density of the respective sheath is included in the measurement 
Power (in W) of ε. In the frame of the global model, it is assumed that the value of the mean ion density in the powered electrode sheath is equal to the bulk electron density. The remaining parameters that are required to solve the Eqs. (6)- (9) are mentioned in the Tables I and II , respectively.
B. Model results
Now that all the input parameters required for solving the equations are mentioned in the Tables I  and II , we can determine the outputs the analytical model, namely V B (t), I(t) and Q s,p (t). The variation of V B as a function of the rf powers and pressures is shown in Fig. 4 . The time average value of V B yields the DC self bias voltage. It represents the difference between the time averaged sheath potential at the powered electrode and the grounded electrode. It is compared with the experimentally measured DC self bias voltage at different experimental conditions and is shown Fig. 5 . Very good agreement between the measured values of the DC self bias voltage with the ones determined from the model were found with a deviation less than 7.57%. In view of the certain limitations of the model such as the assumption of a constant inertial term, equivalence of the bulk electron and mean ion density in the powered electrode sheath, this is a very good agreement. However, with the increase of the pressure, the maximum discrepancy between them increases to about 9% at 100mtorr.
To study the dynamics of the CCP, we have plotted the charge in the sheath at the powered electrode (Q s,p ) and rf current (I) as a function of time in Fig. 6 . In a typical CCP discharge when the applied rf voltage is minimum the powered electrode sheath is extended and the sheath charge is high; when the rf voltage is maximum, the sheath collapses resulting in a small sheath charge. The rapid expansion observed (shown by the arrow in the Fig. 6 ) during the moment of the sheath collapse is a clear indication of the excitation of the plasma series resonance effect. 11, 14 A more detailed analysis of the PSR effect is done via Fourier Transform of the current waveform obtained from the numerical model and is shown in the with resonance frequency of this oscillator is that of the plasma series resonance ω PSR . 22 The sharp resonance observed (Fig. 7) around the 11 st harmonics of the 13.56 MHz frequency may corresponds to the PSR frequency at 73 mtorr. At high pressures, no PSR oscillations are excited efficiently due to the strong collision damping. In order to observe this nonlinear effect experimentally, the rf current density to the grounded chamber wall can be measured by a SEERS (Self Excited Electron Plasma Resonance Spectroscopy) current sensor. 13 This is outside the scope of the present investigation. This prevents us from (Fig. 8) . However with the increase in the pressure, the experimentally measured values deviate from the simulated values. This may be due to effect of the secondary electrons that are accelerated and multiplied most effectively inside the power electrode sheath by collisions at high pressure. 26, 27 Since these electrons are not taken into account in the present numerical modeling, therefore the observed discrepancy between the numerical model and the experimental data is observed at the higher pressure.
We conclude that the model output parameters agree well with the experimentally measured values. The authors acknowledge the fact that the non-linear global model is analytically non self-consistent compared to the self consistent PIC/MCC. However, it has various advantages as already mentioned in the manuscript. In particular, with the experimentally measured values of the electron density, the electron temperature and discharge symmetry parameter; this model could be used most promptly to determine the DC self bias, the voltage drop across the powered as well as the grounded electrode, and also the discharge current in the reactor. These information are very useful for a multitude of processing techniques such as plasma etching, pulsed laser deposition in the background of rf plasmas, and rf magnetron sputtering. Although we have applied the analytical model to the single frequency CCP in principle, it could be applied to dual or multi-frequency CCP at different operating conditions. We are presently working on the experimental validation of the dual frequency geometrically asymmetric discharge using this analytical model and will be reported in due course.
V. CONCLUSION
In this manuscript, we experimentally studied the behavior of geometrically asymmetric capacitively coupled plasma driven by 13.56 MHz rf sources. We started by increasing the radio frequency power by keeping the operating pressure constant at 73mtorr constant and then, the operating pressure was varied from 100m Torr to 400mTorr keeping the rf power constant at 50W. The variation of the electron temperature as well as the electron density was found using a rf compensated Langmuir probe. The voltage amplitude was derived from the FFT of the voltage waveform. The value of the DC self bias and rms value of the rf current was measured at different operating conditions. We then used the measured values of the electron density, the electron temperature, the discharge symmetry parameters and voltage amplitudes as the input parameters of a non linear global model of the CCP discharge to obtain the value of the DC self bias and the rf current as the output parameters. A good quantitative correspondence between the measured value of the DC self bias with the ones determined from the model was found. A closer investigation of the modeled rf current waveforms reveals that the self excitation of the plasma series resonance oscillation which is triggered at the moment of the sheath collapse. Although the detection of such PSR oscillations experimentally is beyond the scope of the present work, the measured and calculated rms values of the rf current show a similar modulation as function of the rf power and operating pressures.
